This study determined the effect of a dried algae product containing beta-1,3-glucan on broiler performance and immunity during an Eimeria challenge. Heterotrophically grown Euglena gracilis, which contained ∼55% beta-1,3-glucan, was dried and milled for inclusion into a non-medicated starter diet. Two experiments were conducted to evaluate dietary treatments containing 0, 50, 100, 150, and 200 g/ton dried algae. In both experiments, male broilers were orally challenged on day 14 with a coccidial inoculum consisting of E. acervulina, E. maxima, and E. tenella. Fecal matter was collected 120-144 hours post-exposure to determine relative amounts of oocyte shedding and birds were sacrificed on day 20 for lesion scoring. Broiler performance was assessed on a weekly basis. In the first experiment, birds receiving dried algae at 50 and 200 g/ton showed a significant improvement in FCR compared to the infected control during the challenge period (days 14-20). In the second experiment, the dried algae treatment had no significant effect on FCR, but lesion scores were significantly reduced in the groups receiving 50, 150, and 200 g/ton dried algae relative to the infected control. In both experiments, the dried algae treatment did not significantly impact mortality or oocyte shedding. In the second experiment, staining of intestinal samples with fluorescently tagged antibodies demonstrated that dried algae at 100 g/ton increased the number of intestinal macrophages compared to the infected control. A significant and dose-dependent increase in intestinal MHC-II + expression was also observed for birds fed dried algae, with an 8-fold increase observed in the 200 g/ton group relative to the infected control. Similarly, increased total immune cell density (measured by the mean fluorescence intensity of CD45 + cells) was also observed at 150 and 200 g/ton. Overall, these data suggest that dried algae rich in beta-1,3-glucan can help improve gut immunity and host protection, thereby reducing morbidity associated with coccidiosis.
INTRODUCTION
Growing consumer demands for meat raised without antibiotics along with increasing regulatory pressures are forcing poultry and livestock producers to evaluate antibiotic alternatives that can maintain animal performance and therefore maximize profitability. Significant research has gone into better understanding gut health as a key factor in maintaining feed efficiency and growth rates. Most work has focused on products that affect the intestinal barrier, such as short chain fatty acids, or the microbiota, such as probiotics, prebiotics, and essential oils. In contrast, fewer products have been studied that affect gut and systemic immunity in broilers. In this work, we investigated the effects of a dried algae product containing beta-1,3-glucan added to broiler diets when broilers were challenged with the parasitic organism Eimeria.
Beta-1,3-glucan has been shown to have immunomodulatory properties and is recognized by cell surface receptors such as Dectin-1 on vertebrate immune cells as a pathogen-associated molecular pattern (Barsanti et al., 2011) . In response to binding beta-1,3-glucan, immune cells such as macrophages and dendritic cells will initiate a signaling cascade that results in increased rates of phagocytosis and antigen presentation, production of reactive oxygen species, and secretion of cytokines and chemokines (Soltanian et al., 2009; Barsanti et al., 2011) . While beta glucans are typically found in the cell walls of yeast and fungi as a mixture of beta-1,3-glucan with beta-1,6-glucan side branches, another source of beta-1,3-glucan is the unicellular alga Euglena gracilis. This protist is unique in that it can be grown both photosynthetically and heterotrophically; when grown in the dark on a carbon source such as dextrose, it accumulates large quantities of paramylon, a linear, unbranched beta-1,3-glucan, as discoid granules in its cytoplasm (Barsanti et al., 2001) . Since these beta-1,3-glucan granules are not bound to other cell structures and the cell is surrounded with a digestible, 3494 proteinaceous pellicle instead of a thick cell wall, we hypothesized that the beta-1,3-glucan from whole dried E. gracilis would be readily bioavailable to the gut associated lymphoid tissue of broilers and may confer some level of protection against Eimeria.
To date, very few studies have examined the use of E. gracilis as a feed additive for broilers. Choi et al. (2004) fed a wild-type and mutant Euglena enriched in docosahexaenoic acid to Ross broilers at 0.25% to 2% of the diet for 5 weeks and observed a significant reduction in feed conversion ratio (FCR) during weeks 0-3 for all groups receiving Euglena. Although the authors did not report the beta-1,3-glucan content of the Euglena used in this study, based on the proximate analysis we can estimate that it was about 30%. Similar results were reported by Pieniazekl et al. (2016) for a 42-day grow out with Cobb 500 male broilers: on d 14, birds receiving 250 g/MT of dried Euglena supplemented with zinc (∼50% beta-1,3-glucan content) had reduced FCR while those receiving 750 g/MT had increased body weight (BW) relative to the untreated control. In a second experiment by Pieniazekl et al. (2016) , broilers in battery cages were challenged on d 10 with Eimeria using a 100x dose of the Coccivac R -B (Merck Animal Health) vaccine containing E. acervulina, E. maxima, E. mivati, and E. tenella. On d 17 and 20 (the end of the study), inclusion of Euglena at 250 and 750 g/MT increased BW and d 1-20 FCR was significantly reduced in these treatment groups relative to the infected control group. This prior work in antibiotic free diets suggests that Euglena containing beta-1,3-glucan can significantly improve early broiler performance as well as performance during a disease challenge.
The potential to enhance broiler performance with a natural dried algae product is more important than ever considering the significant loss in productivity resulting from poultry diseases such as coccidiosis. The protozoa Eimeria and its impact in broilers has been well documented (Blake and Tomley, 2014) . According to Williams (2005) , the most serious effects of subclinical coccidiosis, are diarrhea, morbidity, reduced weight gain, and poor feed efficiency. In more severe cases, these effects are worsened with heavier infections leading to intestinal hemorrhage and increased mortality. Other known effects of Eimeria infection include reduced feed and water intake, increased intestinal passage time and acidity, decreased digesta viscosity, intestinal malabsorption, reduced nutrient digestion, villous atrophy, and increased mucosal permeability leading to leakage of plasma proteins (Williams, 2005) . While each species of avian Eimeria is unique in its prevalence, pathogenicity, and typical site of infection, all species are known to parasitize the epithelial cells of the intestinal lining (Vermeulen et al., 2001 ). This results in destruction of the local mucosal barrier and its underlying tissue, often causing inflammation that results in the formation of endothelial lesions. In this work, we evaluated whether dried Euglena rich in beta-1,3-glucan can ameliorate some of the negative 
MATERIALS AND METHODS

Experimental Design
Two experiments were conducted at Southern Poultry Research in Athens, Georgia to study the effect of dried algae on broiler performance and immunity during challenge with mixed cultures of Eimeria. The dried algae product (Kemin Industries, Des Moines, Iowa) was produced from a specific strain of E. gracilis (ATCC 123, 017) and has been demonstrated to be non-mutagenic in a standard Ames test, non-genotoxic in a bacterial reverse mutation test and mammalian micronucleus test, as well as non-toxic in a 90-day subchronic toxicity study in rats with a No Observed Adverse Effect Level (NOAEL) of 50,000 ppm (Simon et al., 2016) . A different production lot of dried algae was used in each experiment but the analysis of the material showed a nearly identical composition: 26.7-27.6% protein, 59.0-60.8% total carbohydrates, 3.8-4.5% fat, 2.5-2.7% ash, and 6.1-6.3% moisture. The beta glucan content of the dried algae product was 54.9-55.9%. The dried algae was added at 50, 100, 150, or 200 g/ton to a non-medicated, industry-standard starter diet (Table 1). These levels were chosen based on data collected in earlier rodent studies (R. Levine, unpublished data). Water and mash feed were fed ad libitum throughout the study. On d 14, all birds except those in the noninfected control group were orally challenged with a coccidial inoculum consisting of mixed cultures of three species of Eimeria (field strains): E. acervulina (75,000 oocysts/bird), E. maxima (40,000 oocysts/bird), and E. tenella (50,000 oocysts/bird), which are known to infect the duodenum, duodenum and jejunum, and caecum, respectively (Cornelissen et al., 2009 ). The challenge was delivered by oral gavage of 1 mL of distilled water mixed with the inoculum; the non-infected control birds received an oral dose of 1 mL distilled water. At 120-144 hours post-exposure, pooled fecal samples were collected from each cage, thoroughly mixed, and examined for the number of oocysts per gram fecal material by fecal flotation. On d 20, birds from each cage were sacrificed by cervical dislocation and lesion scored. The upper, middle, and cecal regions of the intestine were scored wherein 0 was normal and 1, 2, 3, or 4 indicated increasing severity of infection (Johnson and Reid, 1970) . All experiments were conducted in accordance with an animal use protocol that met FASS standards (FASS, 2010) .
Experiment 1
At day of hatch, 160 Cobb 500 male chicks were randomly assigned to one of 5 dietary treatments with 4 replicate cages of 8 birds per cage. Treatments used in this experiment included: non-infected control, infected control, and infected treated with either 50, 100, or 200 g/ton dried algae. Cage and feed weights were measured on d 0, d 14 and d 20. From these data, feed intake (FI), body weight gain (BWG), and mortality adjusted FCR were determined based on cage. On d 20 all birds were sacrificed by cervical dislocation and lesion scored. Mean lesion scores from the upper, middle and cecal intestine regions as well as total average lesion scores were determined by cage (n = 8 replicate birds per cage).
Experiment 2
At day of hatch, 480 Cobb 500 male chicks were randomly assigned to one of 6 dietary treatments with 8 replicate cages of 10 birds per cage. Treatments used in this experiment included: non-infected control, infected control and infected treated with either 50, 100, 150 or 200 g/ton dried algae. Cage and feed weights were measured on d 0, d 14, d 20 and d 28. From these data, FI, BWG, and mortality adjusted FCR were determined based on cage. Five birds from each cage were sacrificed by cervical dislocation and lesion scored on d 20. Mean lesion scores from the upper, middle and cecal intestine regions as well as total average lesion scores were determined by cage (n = 5 replicate birds per cage). On d 28, all remaining broilers were sacrificed by cervical dislocation, and 1 cm sections of the distal portion of the ileum were taken from 32 birds per treatment (4 birds from each replicate cage) for analysis of immune cell density and activity on a cage basis (n = 8 cages per treatment). Each sample was rinsed gently with phosphate buffered saline and each piece was immersed in Optimal Cutting Temperature compound (Tissue-Tek R O.C.T. Compound from Electron Microscopy Science, Hatfield, PA; product# 62,550) and then snap frozen in liquid nitrogen to prepare cryosections for immunofluorescence staining. At least 4 sections (250 μm apart) from each tissue sample were mounted using anti-fade mounting medium containing nuclear stain (DAPI, (Thermo Fisher Waltham, MA; product# P36931) and stained using a phycoerythrin (PE)-linked macrophage specific antibody (product#8420-09), a PE-linked Major Histocompatibility Complex II (MHC-II) specific antibody (product#8350-09), or an Alexa Fluor 488 linked total immune cell marker (lymphocyte common antigen CD45) specific antibody (product#8270-30). All antibodies were purchased from Southern Biotech, Birmingham, AL. Images were captured using a CARV II real-time spinning disk confocal microscope (BD Biosciences, San Jose, CA). Numbers of macrophages and total antigen presenting cells (APCs) were calculated by counting PE-positive cells in two randomly selected, equally sized areas per section stained with macrophage marker or MHC-II marker, respectively. Total immune cell density (CD45 + ) and MHC-II expression levels were determined by measuring the fluorescence intensity of two randomly selected, equally sized areas per section under the green and red fluorescent channels, respectively. The mean fluorescence intensity (MFI) was determined using the application ImageJ (1.46r, National Institutes of Health; https://imagej.nih.gov/ij/).
Statistical Analysis
Data were analyzed using the Fit Model platform in JMP using a randomized complete block design (JMP R 12.2.0, SAS Institute Inc., Cary, NC). Cage served as the experimental unit for all parameters in both experiments. Differences between means were evaluated by ANOVA using least square means where data were of normal distribution and homogeneity of variances was confirmed using multivariate outlier analysis. Pooled SEM was calculated by averaging the SEMs calculated with the Fit Model program of JMP for the variable of interest. When significant differences were observed by ANOVA (P ≤ 0.05), Tukey's post-hoc test was used to separate individual treatment means.
RESULTS
Experiment 1
The Eimeria challenge on d 14 did not adversely affect FI but it did significantly impact FCR and BWG (Table 2 ). The infected control group on d 14-20 and d 0-20 had significantly increased FCR compared to the non-infected control group, and the d 14-20 BWG of all infected groups was significantly lower than the noninfected control. Birds receiving dried algae at 50 and 200 g/ton showed a significant improvement in FCR compared to the infected control during the challenge period (d 14-20) .
No significant differences in lesion scores were observed between the infected control and infected groups receiving dried algae (Table 3) . Oocysts per gram of feces were significantly reduced in birds receiving 200 g/ton dried algae compared to 100 g/ton dried algae, however no differences were detected between the infected control and dried algae treated groups.
Experiment 2
There were no significant improvements in BWG, FI, FCR, or mortality in any of the treatment groups relative to the infected control (Table 4) . However, lesion scoring on day 20 revealed a significant reduction in lesions, particularly in groups receiving 50, 150, and 200 g/ton dried algae (Table 5 ). The group receiving 50 g/ton dried algae had fewer lesions from E. acervulina and E. maxima, as well as a lower average lesion score compared to the infected control. The group receiving 150 g/ton dried algae had fewer lesions from E. acervulina relative to the infected control. Finally, the group receiving 200 g/ton had fewer lesions from E. maxima and E. tenella, as well as a lower average lesion score compared to the infected control. Similar to Experiment 1, there were no significant differences in oocytes per gram feces between infected treatment groups.
To better understand how dried algae may affect gut immunity, sections of the small intestine were collected on d 28 and stained with fluorescent antibodies specific for macrophages, MHC-II, and CD45. Stained sections were analyzed by manual counts of cells or by measuring the MFI or both. The average number of macrophages per section was significantly higher in groups receiving 100 g/ton dried algae when compared to the infected control ( Figure 1A) . When all cells expressing MHC-II were counted, there was a significant increase in cell frequency for all dried algae groups relative to the infected control ( Figure 1B ). This result was somewhat dose dependent; the groups receiving 150 and 200 g/ton had greater numbers of MHC-II + cells than the group receiving 50 g/ton. The MFI of sections stained for MHC-II showed a similar pattern of increasing MHC-II expression with dried algae treatment, though only the groups receiving 100 g/ton dried algaeor more had statistically higher MFI than the infected control ( Figure 1C) . Finally, birds fed 150 and 200 g/ton demonstrated significantly higher CD45
+ MFI relative to the infected control ( Figure 1D ).
DISCUSSION
In this study, two separate cage experiments were performed to identify how a dried algae feed additive rich in beta-1,3-glucan affected broilers challenged by three species of Eimeria. Taken together, these data suggest that the dried algae product was effective at ameliorating some effects of the Eimeria infection. Relative to the infected control, groups receiving 50 and 200 g/ton dried algae in Experiment 1 had significantly improved FCR during the challenge period (d 14-20) . No significant FCR differences between the infected control and infected dried algae groups were found in Experiment 2, most likely because of cage-tocage variability. Similar variability limited findings of significance for FCR differences during the challenge period in the Eimeria study done with dried Euglena by Pieniazekl et al. (2016) , but they did observe overall improvements in d 0-20 FCR for groups receiving 250 g/MT and 750 g/MT of a ∼50% beta-1,3-glucan product. These results suggest that performance effects of dried algae in Eimeria challenged broilers may be more consistently observed at dietary inclusion levels ≥ 250 g/MT, rather than at the doses reported herein.
The dried algae product was also found to reduce lesions scores relative to the infected control group, though only in Experiment 2. Insufficient replication in Experiment 1 likely contributed to the lack of significant findings. In both experiments there was no significant impact of dried algae on oocyte shedding. These Table 3 . Average lesion scores and fecal oocysts per gram (OPG) from male broilers infected with a mixed-species Eimeria spp. inoculum on d 14 of age, and fed increasing levels of dried algae (Experiment 1). Table 4 . Body weight gain (BWG; kg), feed intake (FI; kg) and mortality-corrected feed conversion ratio (FCR) of broilers which were infected with a mixed-species Eimeria spp. inoculum on d 14 of age, when fed diets supplemented with increasing levels of dried algae (Experiment 2). Table 5 . Average lesion scores and fecal oocysts per gram (OPG) from male broilers infected with a mixed-species Eimeria spp. inoculum on d 14 of age, and fed increasing levels of dried algae (Experiment 2). data suggest that the beta-1,3-glucan in dried algae likely cannot directly interrupt parasite replication but instead upregulates gut immunity to improve host defense against parasite invasion of the epithelial cells. Considering that lesions found in the upper and middle intestine as well as the ceca were reduced in various dried algae treatment groups, it is likely that the ability of the beta-1,3-glucan in dried algae to reduce parasite invasion is not specific to one section of the intestine but is a generalized phenomenon.
Based on staining of sections of the small intestine with fluorescently tagged antibodies, we showed that dried algae consumption led to an increase in the number of APCs (i.e., immune cells expressing MHC-II) in groups receiving 50 to 200 g/ton and an increase in the MFI corresponding to MHC-II in groups receiving 100 to 200 g/ton compared to the infected control. Macrophages, which are a specific subset of APCs, were also found in higher numbers in the birds receiving 100 g/ton dried algae compared to the infected control. At 150 and 200 g/ton, increased total immune cell density (measured by MFI of CD45 + cells) was also observed relative to the infected control. MHC-II is a collection of proteins found on the surface of antigen-presenting cells such as dendritic cells and macrophages which are responsible for antigen recognition and presentation to T-cells. Miller and Taylor (2016) reviewed avian MHC and indicated that it is crucial to the adaptive immunity that confers protection over time against Eimeria. Our finding that the group receiving 200 g/ton dried algae had statistically higher MHC-II MFI than all other groups, showing an 8-fold increase over the infected control, and that the groups fed 100 and 150 g/ton had significantly higher MHC-II MFI relative to the infected control and the group receiving 50 g/ton, suggests that at least 100 g/ton dried algae is required to have a significant impact on APC numbers and activity. Since increasing the dose to 200 g/ton continued to elicit a measurable up-regulation in gut immunity, there appears to be a dose-dependent response to dried algae within the range examined in this study. These data suggest that inclusion of dried algae in broiler diets leads to recruitment of APCs to the small intestine and heightened MHC-II expression, which likely explains the reduction in lesions observed in Experiment 2.
Although intestinal or serum cytokine levels were not measured in this study, oral consumption of this dried algae product by mice as well as in vitro testing with peripheral blood mononuclear cells in pigs and humans indicates that it can significantly modulate cytokine release by immune cells (R. Levine, unpublished data). Based on the observed recruitment of immune cells to the intestine in Experiment 2 as well as the known ability of Eimeria to up-regulate IL-10, a cytokine produced by macrophages and dendritic cells which negatively regulates immunity by suppressing antigen presentation, we hypothesize that cytokine modulation likely also plays a role in how dried algae affects gut immunity (Cornelissen et al., 2009; Haritova and Stanilova, 2012) . Cox et al. (2010) found that broilers fed yeast beta-1,3/1,6-glucan at 0.1% during an Eimeria challenge had significantly altered immune-related gene expression profiles, as well as increased nitric oxide synthase production and reduced lesion scores. They concluded that yeast beta-glucan acts as an immunoprotective agent by upregulating the inflammatory immune response to the challenge organism, particularly through an enhanced T helper type-1 cell response. They also found that the immune response peaked at d 14 and declined by d 21, suggesting that beta-glucan supplementation does not cause chronic inflammation but rather primes the immune system and can even provide an anti-inflammatory function in the absence of a challenge.
In conclusion, we demonstrated through two separate broiler studies that dried E. gracilis containing about 55% beta-1,3-glucan can ameliorate Eimeria-induced performance decline immediately following introduction of the challenge (d 14-20 in our experiments), reduce lesion scores, and recruit more immune cells to the small intestine. This activation of the gut immune system at levels of beta-1,3-glucan ranging from 27.5 to 110 g/ton, compared to much higher levels typically used for feed additives containing yeast-derived beta-1,3/1,6-glucans, suggests that the beta-1,3-glucan in dried E. gracilis is indeed readily bioavailable. These data also confirm that linear beta-1,3-glucan, without the beta-1,6 side branches found in commonly studied additives derived from yeast and fungi, is immunologically active in broilers. Overall, the ability of highly-bioavailable beta-1,3-glucans to improve host defense during a parasite challenge makes dried algae a novel feed additive for immunomodulation of gut immunity in antibiotic free poultry production.
